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The in vitro reconstitution of molybdenum nitrogenase was manipulated to generate a chimeric
enzyme in which the active site iron–molybdenum cofactor (FeMo-co) is replaced by NifB-co. The
NifDK/NifB-co enzyme was unable to reduce N2 to NH3, while exhibiting residual C2H4 and consider-
able H2 production activities. Production of H2 by NifDK/NifB-co was stimulated by N2 and was
dependent on NifH and ATP hydrolysis. Thus, NifDK/NifB-co is a useful tool to gain insights into
the catalytic mechanism of nitrogenase. Furthermore, phylogenetic analysis of D and K homologs
indicates that several early emerging lineages, which contain NifB, NifH and NifDK encoding genes
but which lack other genes required for processing NifB-co into FeMo-co, might encode an enzyme
with similar catalytic properties to NifDK/NifB-co.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The conversion of N2 into NH3 is catalyzed by the nitrogenase
enzyme, which is composed of two metalloproteins: NifDK (also
termed dinitrogenase or MoFe protein) and NifH (also termed dini-
trogenase reductase or Fe protein). The NifH protein is an a2 dimer
of the nifH gene product that contains one 4Fe–4S cluster bridging
the two subunits [1]. The NifDK protein is an a2b2 tetramer of the
nifD and nifK gene products that carries, in each NifDK dimer, one
pair of unique metal clusters: the P-cluster and the iron–molybde-
num cofactor or FeMo-co [2]. The FeMo-cos are each composed of
7Fe, 9S, 1Mo, one unidentiﬁed light atom (C, N or O) and a mole-
cule of R-homocitrate [3–5] and are located at the active sites of
NifDK where substrate binding and reduction occurs [6]. Together,
NifH and NifDK perform the reduction of N2 into NH3 by couplingchemical Societies. Published by E
or; ICP-OES, inductively cou-
ron paramagnetic resonance;
; MOPS, (N-morpholino)pro-
W. Peters), +34 91 715 7721
.edu (J.W. Peters), luis.rubio@the reduction process to the free energy liberated from the hydro-
lysis of MgATP [7]. During catalysis, NifDK is speciﬁcally reduced
by NifH until sufﬁcient electrons accumulate on NifDK for the sub-
sequent reduction of substrate [8]. In addition to reducing N2, Nif-
DK can reduce protons and a range of unsaturated compounds,
such as acetylene, which has been used extensively to assess nitro-
genase activity.
FeMo-co is assembled separately from its target apo-protein
(apo-NifDK) in a biosynthetic pathway that involves the activities
of a number of Nif and non-Nif proteins, and is then inserted into
apo-NifDK to generate active nitrogenase (see [9,10] for reviews).
Azotobacter vinelandii mutants lacking nifN, nifE, or nifB gene prod-
ucts are unable to synthesize FeMo-co, accumulating apo-NifDK
protein which can be readily activated by FeMo-co addition
in vitro [11,12].
NifB is a SAM radical enzyme that functions in the synthesis of
NifB-co, an early precursor to FeMo-co [13,14]. NifB-co has been
proposed to consist of the Fe6-S9-X core of FeMo-co [15] (Fig. 1).
NifB-co contains neither Mo nor homocitrate, and its biosynthesis
requires NifU, NifS and NifB proteins. NifU and NifS provide Fe–S
clusters that serve as substrates for NifB-co synthesis by NifB [16].
Further maturation of NifB-co requires the NifEN scaffold pro-
tein [17–19]. The nifEN genes resulted from an in tandem duplica-
tion of nifDK and it has been proposed that this event permittedlsevier B.V. All rights reserved.
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Fig. 1. Comparison of FeMo-co [3] and NifB-co [15] structures. Atom colors: iron,
magenta; molybdenum, grey; sulfur, yellow; oxygen, red; carbon, green; and
central atom X, blue.
Table 1
Substrate reduction speciﬁc activities of the NifDK/NifBco protein compared to those
of NifDK. The reactions were carried out under nitrogen, argon or argon/acetylene
atmospheres as indicated. Speciﬁc activities are given in nmol product per min per
mg of protein (NifDK or NifDK/NifB-co). N.d. means not determined. Number in
parenthesis indicate the percentage of activity compared to that of NifDK. Values are
the average of at least two independent determinations ±S.D.
N2 Ar Ar/C2H2
NifDK
NH3 production 504 ± 14 (100%) n.d. n.d
C2H4 production n.d n.d 1920 ± 110 (100%)
H2 evolution 686 ± 34 (100%) 1866 ± 86 (100%) 371 ± 46 (100%)
NifDK/NifB-co
NH3 production <0.1 n.d. n.d.
C2H4 production n.d. n.d. 132 ± 5 (7%)
H2 evolution 405 ± 12 (59%) 226 ± 16 (12%) 97 ± 7 (26%)
Table 2
Effect of molybdenum and homocitrate addition on substrate reduction properties of
NifDK and the NifDK/NifB-co protein. The standard reaction mixtures were supple-
mented with molybdate and homocitrate as described in Section 2. Reactions were
carried out under nitrogen, argon or argon/acetylene atmospheres as indicated.
Speciﬁc activities are given in nmol product per min per mg of protein (NifDK or
NifDK/NifB-co). N.d. means not determined. Number in parenthesis indicate the
percentage of activity compared to that of NifDK. Values are the average of at least
two independent determinations ±S.D.
N2 Ar Ar/C2H2
NifDK
C2H4 formation n.d. n.d. 1918 ± 66 (100%)
H2 evolution 667 ± 16 (100%) 1916 ± 36 (100%) 354 ± 29 (100%)
NifDK/NifB-co
C2H4 formation n.d. n.d. 126 ± 3 (7%)
H2 evolution 424 ± 30 (64%) 203 ± 7 (11%) 101 ± 4 (29%)
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than those of its ancestor synthesized in the absence of NifEN
[20,21]. However, based on a comparison of the catalytic proper-
ties of NifEN and NifDK, it has recently been proposed that NifEN
could be the predecessor to NifDK [22].
This work describes the in vitro generation and substrate reduc-
tion properties of a NifDK protein complex with NifB-co substi-
tuted for FeMo-co at the active site. The NifDK/NifB-co enzyme is
unable to reduce N2 into NH3, but exhibits residual acetylene
reduction activity and considerable H2 evolution activity. These
observations, in the context of the comprehensive phylogenetic
analysis presented herein, strongly suggest that the biochemical
properties of NifDK/NifB-co reﬂect those of the ancestor of nitroge-
nase prior to the duplication event yielding NifEN and the ability to
synthesize FeMo-co.
2. Materials and methods
2.1. Preparation of NifDK/NifB-co complex
NifB-co crude extract was prepared from Klebsiella pneumoniae
UN1217 cells as described [13] with minor modiﬁcations. NifB-co
crude extract was loaded onto a 2.5  20-cm Sephacryl S-200 col-
umn equilibrated with 25 mM (N-morpholino)propanesulfonic
acid (MOPS) buffer (pH 7.5), 0.1 M NaCl, 1 mM dithiothreitol
(DTT) and 0.4% n-lauroyl sarcosine (sarkosyl) (buffer A). The col-
umn was washed with three column volumes of buffer A and seven
column volumes of 25 mM MOPS (pH 7.5), 0.1 M NaCl, 1 mM DTT
(buffer B). NifB-co was eluted from the column by passing through
the column 70 mg of puriﬁed apo-NifDK protein in buffer B to form
the NifDK/NifB-co complex. NifDK/NifB-co was eluted from the
column while the excess of NifB-co remained bound. The NifDK/
NifB-co complex was concentrated in an Amicon cell equipped
with a YM100 membrane and stored as droplets in liquid nitrogen.
2.2. C2H2 reduction, N2 reduction, and H
+ reduction assays
All assays were performed in 9-ml serum vials under nitrogen,
argon, or argon/acetylene (96%/4%) atmospheres. The standard
reaction mixture contained: 100 ll of 50 mM MOPS-NaOH buffer
(pH 7) and 800 ll of ATP regenerating mixture (containing
3.6 mM ATP, 6.3 mM MgCl2, 51 mM creatine phosphate, 20 units/
ml creatine phosphokinase and 6.3 mM sodium dithionite (DTH)).For the experiments described in Table 2, the standard reaction
mixture was supplemented with 17.5 lM Na2MoO4, 175 lM
homocitrate, and 1 mg BSA. For the experiments described in Ta-
ble 3, a modiﬁed ATP regenerating mixture (containing 2.5 mM
ATP, 2.5 mMMgCl2, 5 mM creatine phosphate, 20 units/ml creatine
phosphokinase and 6.3 mM DTH) was used.
The reaction mixtures were pre-incubated at room temperature
for 10 min before the addition of 70 lg NifDK or NifDK/NifB-co.
The reactions were then initiated by adding 40-fold molar ratio
of NifH (800 lg) and incubating for 10 min at 30 C. Reactions were
terminated by injection of 200 ll of 0.4 M EDTA or 100 ll of 4 M
NaOH and products were determined as described in Supplemen-
tary material and methods.
2.3. AnfDK/VnfDKEN/NifDKEN phylogram
BLASTp was used to compile all D, K, E, N deduced amino acid
sequences from genomic sequences using the DOE-IMG and the
NCBI Genome Blast servers. Those which contained a full comple-
ment of DKEN were retained (Vnf and Nif operons) or DK (Anf
operons). Each individual locus was aligned using ClustalX (version
2.0.8) with the Gonnet 250 protein matrix and default gap exten-
sion and opening penalties [23]. Each alignment was scrutinized
and manually aligned using known catalytic residues when avail-
able [24]. ProtTest (version 2.0) [25] was used to select WA-
G + I + G + F as the best-ﬁt protein evolutionary model for
individual Vnf/Anf/NifDKEN proteins and to determine the amino
acid frequency (speciﬁed as ‘F’ in the model). The phylogeny of
each locus was evaluated using MrBayes (version 3.1.2) [26,27]
using the WAG evolutionary model with ﬁxed (F) amino acid fre-
quencies and gamma-distributed rate variation with a proportion
of invariable sites (I + G). Tree topologies were sampled at likeli-
hood stationarity (average standard deviation of split frequencies
Table 3
ATP consumption coupled to H2 production by NifDK/NifB-co and NifDK. The reactions were carried out under nitrogen or argon atmosphere as indicated. Speciﬁc activities are
given in nmol H2 produced per min per mg of protein (NifDK or NifDK/NifB-co). ATP consumption activities are given in nmol ATP hydrolyzed per min per mg of protein. Values
are the average of at least two independent determinations ±S.D.
Protein N2 Ar
ATP consumed H2 evolution ATP:H2 ratio ATP consumed H2 evolution ATP:H2 ratio
NifDK 8388 ± 242 643 ± 17 13 9261 ± 241 1480 ± 87 6.2
NifDK/NifB-co 1987 ± 24 400 ± 17 4.9 981 ± 36 192 ± 18 5.1
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MrBayes over 2.0e6 generations (burnin = 1.0e6). Taxa with D, K,
E, and N loci that represented each of the major lineages were
empirically selected (Supplementary Table 1) and these loci were
subjected to evolutionary analysis as described above. A composite
DKEN phylogram was constructed using the WAG evolutionary
model with ﬁxed amino acid frequencies and gamma-distributed
rate variation with a proportion of invariable sites (I + G). Tree
topologies were sampled at likelihood stationarity during 2 sepa-
rate runs every 500 generations by MrBayes over 2.0e6 generations
(burnin = 1.0e6). The unrooted phylogram with collapsed clades
(Fig. 3) was projected using FigTree (version 1.2.2) (http://tree.
bio.ed.ac.uk/).
Additional methods are detailed in Supplementary data.
3. Results
3.1. In vitro generation of a NifB-co containing NifDK enzyme
The NifB-co containing NifDK enzyme was generated by passing
puriﬁed FeMo-co deﬁcient apo-NifDK protein through Sephacryl
resin bound to pure NifB-co as described in Section 2. Excess
NifB-co was used during reconstitution to ensure maximal cofactor
incorporation into apo-NifDK.0
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Fig. 2. Effects of N2 and CO on proton reduction speciﬁc activities of NifDK and NifDK
monitoring H2 evolution by gas chromatography as described in Section 2. Assays were p
or CO in the headspace. Effect of N2 (A) and CO (B) on H2 production by NifDK. Effect of N
nmol H2 produced per min per mg of protein (NifDK or NifDK/NifB-co).As generated, NifDK/NifB-co has a brown-green color similar to
that of the FeMo-co containing NifDK protein. The NifDK/NifB-co
complex was found to contain 28.9 ± 0.2 mol Fe per mol of NifDK,
whereas apo-NifDK contained 15.1 ± 0.2 mol Fe per mol of protein.
Considering that NifB-co contains 6 or 7 Fe atoms [15], these values
indicate that apo-NifDK reconstitution was complete and that the
NifDK/NifB-co complex would contain the full complement of
2 mol NifB-co per mol of NifDK tetramer. As anticipated, no molyb-
denum was detected in either NifDK/NifB-co complex, NifB-co, or
apo-NifDK (detection limit was 1 ppb Mo). Consistent with previ-
ous studies showing that isolated NifB-co is electron paramagnetic
resonance (EPR) silent [13], examination of as-generated NifDK/
NifB-co did not show any EPR signals, indicating the absence of
FeMo-co or VK-cluster in NifDK/NifB-co preparations.
3.2. Substrate reduction properties of NifDK/NifB-co
The capacity of NifDK/NifB-co to produce H2, C2H4, or NH3 was
assayed and compared to that of wild-type NifDK (Table 1). In con-
trast to the NifDK protein containing FeMo-co at the active site,
NifB-co-containing NifDK was unable to reduce N2 into NH3; how-
ever, it exhibited low C2H2 reducing activity and signiﬁcant H2 pro-
ducing activity. Production of H2 by NifDK/NifB-co was inhibited
by C2H2 and stimulated twofold by N2. The stimulatory effect of0 20 40 60 80 100
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/NifB-co. Proton-reduction activity by NifDK and NifDK/NifB-co were assayed by
erformed in 9-ml serum vials under argon containing the indicated percentage of N2
2 (C) and CO (D) on H2 production by NifDK/NifB-co. Speciﬁc activities are given in
Fig. 3. Phylogenetic tree of Nif/Vnf/AnfD, K, E, and N deduced amino acid
sequences. The width and depth of clades proportionally reﬂect the number and
the diversity of sequences in that clade. Bar equals 1 substitution per 10 sequence
positions. Black circles denote 90–100% posterior probability (PP) at a given node.
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tional to N2 concentration (Fig. 2C). This positive effect of N2 was
surprising and its rationalization would require further investiga-
tion. In any case, the lack of inhibition by N2 is consistent with
the apparent inability of NifDK/NifB-co to use electrons for N2
reduction.
NifH and MgATP were required for H2 evolution by NifDK/
NifB-co. Reaction mixtures containing 100 ll of 50 mM MOPS-
NaOH buffer (pH 7), 800 ll of ATP regenerating mixture, 800 lg
NifH, and 70 lg of NifDK/NifB-co, produced 344 ± 50 nmol H2
per min per mg of NifDK/NifB-co when assayed under under N2.
Substitution of NifH by methylviologen or by pure A. vinelandii
ferredoxin I did not support NifDK/NifB-co activity. It is important
to note that NifH is the obligate electron donor to wild-type Nif-
DK as well. Neither NifB-co nor apo-NifDK alone were capable of
producing H2 under the same reaction conditions used for NifDK/
NifB-co.
Addition of molybdenum and homocitrate to the reaction mix-
tures did not alter NifDK/NifB-co substrate reducing properties
(compare data in Tables 1 and 2), suggesting that NifDK/NifB-co
was unable to serve as scaffold to ﬁnish FeMo-co assembly or
was unable to incorporate molybdenum or homocitrate. The
inability of NifDK to serve as scaffold for FeMo-co synthesis is con-
sistent with previous data showing the essential role of NifEN in
this process [17,28].
The effect of CO on the H2 production rates by NifDK/NifB-co
and NifDK was determined under an argon atmosphere. As ex-
pected, H2 evolution by NifDK was not inhibited by CO
(Fig. 2B). It is important to note that CO inhibits all substrate
reductions by wild-type NifDK with the exception of proton
reduction [29]. However, proton reduction by NifDK/NifB-co
was strongly inhibited by CO, exhibiting 50% inhibition at 20%
CO in the gas phase (130 lM CO in solution at room
temperature) (Fig. 2D). In this regard, NifDK/NifB-co resembles
the CO-sensitive [NiFe]-hydrogenases which typically show 50%
inhibition of activity at CO concentrations of 40 lM in solution
[30].
3.3. ATP consumption during H2 production by NifDK/NifB-co
ATP hydrolysis and the ratio of ATP consumed to H2 produced in
reaction mixtures containing either NifDK or NifDK/NifB-co wereestimated by quantifying creatine and H2 formation on the same
reaction mixtures (Table 3). NifDK/NifB-co and wild-type nitroge-
nase exhibited similar ratios of ATP consumption per mol of H2
evolved under an Ar atmosphere (5 and 6 mol ATP per mol H2,
respectively). In reactions carried out under N2, ATP consumption
by wild-type nitrogenase increased to 13 mol of ATP due to the
concomitant production of NH3 and H2, whereas NifDK/NifB-co re-
mained at 6 mol ATP per mol of H2. The low ATP:H2 ratio exhibited
by NifDK/NifB-co in an N2 atmosphere, which is close to the theo-
retical minimum of 4 ATP hydrolyzed per electron pair transferred
between NifH and NifDK, is consistent with the fact that N2 is not a
substrate for NifDK/NifB-co.
3.4. Phylogenetic relevance of NifDK/NifB-co
Homologs of NifDK were identiﬁed in the genomes of a diver-
sity of bacteria and within several lineages of methanogens (Eur-
yarchaeota) (Supplementary Table 2). Among the DK homologs
identiﬁed were those associated with iron- (Anf), vanadium-
(Vnf), and molybdenum- (Nif) dependent nitrogenase regulons,
in addition to several uncharacterized regulons present in two
chloroﬂexi (Roseiﬂexus spp.), a ﬁrmicute (Caldicellulosiruptor sac-
charolyticus), an unclassiﬁed bacterium, Candidatus Desulforudis
audaxviator, and the methanogen Methanococcus aeolicus. With
few exceptions, homologs of HBDKEN were present in
nif-encoded operons, whereas anf regulons generally contained
homologs of only HDK. The vnf operons harbor HDK homologs
and often a second set of ‘nifEN’ homologs. Operons containing
only HBDK homologs and uncharacterized active site metal
clusters (labeled ‘uncharacterized’) were identiﬁed in Roseiﬂexus
spp. Interestingly, uncharacterized operons from C. saccharolyti-
cus and Candidatus D. audaxviator contain a second D homo-
log and the operon of M. aeolicus contains two sets of DK
homologs.
To better understand the evolution of nitrogenase, we recon-
structed the evolutionary history of DKEN homologs from anf,
vnf, and nif operons from a diversity of taxa. The anf/vnf/nifDKEN
deduced amino acid sequence phylogram revealed distinct and
well-supported sequence clusters that generally corresponded to
the metal content of the constituent proteins (Fig. 3). Radiating
from the inferred root are two stem lineages, one of which is com-
prised of Anf/Vnf/NifDE deduced amino acid sequences and the
other which is comprised of Anf/Vnf/NifKN deduced amino acid se-
quences. Anf/Vnf/NifD branch paraphyletic with respect to NifE
and Anf/Vnf/NifK branch paraphyletic with respect to NifN. To-
gether, these ﬁndings strongly suggest that nifDK duplicated to
yield nifEN.
We reconstructed the evolutionary histories of D and K homo-
logs and overlaid regulon structures to identify patterns in the
evolution of the operons that correspond with the evolution of
the DK homologs (Supplementary Fig. 1). The topology of the K
lineage mirrors that of the D lineage, excluding the poorly sup-
ported K homologs from the ‘uncharacterized’ operons from C.
saccharolyticus, Candidatus D. audaxviator, and M. aeolicus, which
form a sister group with methanogen NifK. With the exception of
methanogenic nif, the early emerging lineages comprise only DK
proteins from anf, vnf, and ‘uncharacterized’ operons. Importantly,
Roseiﬂexus spp. lack homologs of genes which products are re-
quired to synthesize FeMo-co, including nifEN and nifV, suggesting
that this operon does not encode the capability to synthesize Nif-
DK/FeMo-co. Similarly, clear homologs of nifEN and nifV were ab-
sent in the genomes of C. saccharolyticus, Candidatus D.
audaxviator, and M. aeolicus. Thus, operons encoding for machin-
ery capable of synthesizing NifB-co, but which are lacking ele-
ments important for synthesizing FeMo-co, are well represented
in early branching lineages.
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This report demonstrates the feasibility of inserting a FeMo-co
precursor into NifDK in vitro. Substitution of NifB-co for FeMo-co
at the active site of NifDK generates an enzymewith catalytic prop-
erties different from those of nitrogenase, the most apparent one
being its inability to reduce N2 into NH3. It is not known whether
and to what extent NifB-co insertion into apo-NifDK occurs
in vivo. Mutants lacking nifEN have been shown to accumulate
NifB-co [13] and FeMo-co-deﬁcient apo-NifDK [31] but do not cat-
alyze acetylene reduction [32]. It is possible that cellular mecha-
nisms exist that discern between FeMo-co and its structurally
related biosynthetic intermediates (e.g. NifB-co) during cofactor
insertion into apo-NifDK. An obvious candidate for this discrimina-
tion would be NafY, which has been proposed to serve as FeMo-co
insertase and has much higher afﬁnity for FeMo-co than NifB-co
[33].
The NifDK protein carrying the Fe6-S9-X core of FeMo-co at its
active site is competent for C2H2 and H+ reduction. Although it had
been reported that neither homocitrate [34] nor the cofactor het-
erometal (Mo or V) [35] were essential for those activities, it was
not known whether the Fe atoms located at the cofactor capping
positions would be required. Examination of NifDK/NifB-co cata-
lytic properties would provide new insights into the mechanism
of N2 binding and H2 production by the nitrogenase active site
cofactor. Despite not being a substrate of NifDK/NifB-co, the pres-
ence of N2 increases H2 production activity by this enzyme. This
positive effect cannot be explained simply by the inability of N2
to serve as electron sink. There are at least three hypothetical
mechanisms that could account for this effect: (i) N2 binding to
NifB-co increases the rate of e and/or H+ delivery, (ii) binding of
N2 constrains the reduction states of NifB-co during turnover
resulting in higher catalytic efﬁciency, and (iii) fast binding and re-
lease of N2 accelerates the release of H2 from NifB-co. In the case of
the molybdenum nitrogenase, which mechanism has been exten-
sively investigated [6], it is known that NifDK must accumulate
three or four electrons (E3 and E4 states) in order to bind N2 [36],
and that N2 binding triggers the release of H2 [37]. In the absence
of N2, NifDK only accesses one- and two-electron reduced states
(E1 and E2) while producing H2. If a similar mechanism exists for
NifDK/NifB-co, then this enzyme is expected to cycle between
the E0 resting state and the E3 or E4 states. The C2H2 reduction
activity exhibited by NifDK/NifB-co would be possible because
C2H2 is expected to bind to the metal cofactor at low (E2) reduction
state.
Nitrogenases are not the only enzymes capable of evolving
hydrogen. Hydrogenases catalyze the reversible interconversion
between H+, e and H2 gas at rates that are much higher than those
of nitrogenases. An important difference between nitrogenases and
hydrogenases is that the former enzymes exhibit a requirement for
ATP hydrolysis in order to evolve H2 and cannot perform the H2
oxidation reaction. Three types of hydrogenases have been de-
scribed to date, which include the [FeFe]-hydrogenase [38], the
[NiFe]-hydrogenase [39], and the [Fe]-hydrogenase [40] (see [41]
for a recent review). Although phylogenetically-unrelated, the
metalloclusters present at the active sites of all three forms of
hydrogenases contain a number of Fe(CO) units that, in the case
of [FeFe]- and [NiFe]-hydrogenases, are essential for catalysis.
Whether the NifDK/NifB-co active site includes Fe(CO) ligands
and whether such ligands are involved in H2 production activity
is not known.
Recent genome sequencing projects have identiﬁed a number of
nitrogenase operons that encode proteins capable of synthesizing
NifB-co, but which lack the protein-encoding genes associated
with other aspects of FeMo-co biosynthesis. For example, two se-quenced Roseiﬂexus spp. genomes contain genes that encode
homologs of NifDK, NifB, and NifH (nifHBDK), but lack genes coding
for the NifEN scaffold where FeMo-co precursors are matured. Re-
sults from previous studies indicate that nifEN derives from an in
tandem duplication of nifDK [20,21]. However, recent biochemical
characterizations of the NifEN complex led the authors to hypoth-
esize that NifEN might predate NifDK or at the very least have co-
evolved with NifDK [22]. This conjecture was based primarily on
the substrate reduction properties of NifEN, which was able to re-
duce acetylene and cyanide but not H+ or N2; catalytic properties
thought to be associated with the ancestor of nitrogenase
[20,21]. However, the evolutionary scenario put forth in this argu-
ment invoking an origin for NifEN that predates NifDK conﬂicts
with early phylogenetic analyses of nitrogenase homologs, which
indicated that nifEN derives from an in tandem duplication of nifDK
[20].
The results presented in the present study support an alterna-
tive scenario for the evolution of molybdenum nitrogenase, where
the duplication of nifDK to nifEN enabled the further maturation of
a FeMo-co precursor (e.g. NifB-co), resulting in a reductase with
biochemical properties that were superior to the reductase synthe-
sized in the absence of NifEN. The ancestral reductase synthesized
in the absence of NifEN likely exhibited catalytic properties remi-
niscent of NifDK/NifB-co, which like NifEN described previously
[22], could reduce a wide range of substrates but not N2. The dupli-
cation of nifDK to nifEN and the ability to synthesize NifDK/FeMo-
co directed the speciﬁcity of the reductase towards N2. This evolu-
tionary event would presumably have been highly selected for in
the N-limited environments on early Earth. This hypothesis is not
only consistent with the phylogeny of DKEN homologs, but is also
consistent with the limited distribution of operons encoding for
machinery capable of synthesizing NifB-co, but which lack genetic
elements important for synthesizing FeMo-co in the extant geno-
mic record.
In conclusion, NifEN and the ability to synthesize NifDK/FeMo-
co is most likely a relatively recent evolutionary feature of nitroge-
nase. Regulons comprising HBDK homologs such as those present
in Roseiﬂexus spp. may encode for a remnant enzyme with bio-
chemical properties that may reﬂect the character of an ancestor
of nitrogenase. Further examination of the biochemical properties
of NifDK homologs synthesized in a background devoid of NifEN,
such as in Roseiﬂexus spp. NifDK, will continue to provide insight
into the evolution of the active site cofactor of nitrogenase and
the evolution of nitrogenase substrate speciﬁcity.
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